The effect of flooding on the contents of chlorophyll, protein and starch and the activity of aamylase in tobacco leaves was investigated. Flooded leaves had lower protein and chlorophyll contents than control plants. Chloroplasts in leaves of tobacco whose roots were flooded for 4 days showed a significant decrease in the level of starch and dilation of thylakoids in chloroplasts when examined with the electron microscope. The decrease in the level of starch in flooded leaves was confirmed by chemical analysis of starch level and was found to be associated with an increase in the activity of a-amylase.
It is well known that flooding can have marked effects on the growth and physiology of plants (Kozlowski 1984) . There are several reports indicating that flooding causes starch to accumulate in the leaves (Trought and Drew 1980 , Vu and Yelonsky 1991 , Wample and Davis 1983 . Starch accumulation in leaves of flooded plants may reflect reduced phloem transport as a consequence of a decline in root metabolism caused by low oxygen levels. Leaf yellowing is a visible symptom of flooded plants. Previous reports have also shown that starch accumulation due to modified source-sink relationships is sometimes associated with symptoms of leaf yellowing (Bradley and Janes 1985 , Herold and McNeill 1979 , Schaffer et al. 1986 , Von Schaewen et al. 1990 ). However, in at least one system (wheat plants), no accumulation of starch could be observed during flooding (Wiedenroth and Poskuta 1981) .
In the present investigation, we study the effect of flooding on starch level in tobacco leaves. We demonstrate that flooding does not cause starch accumulation but increases a-amylase activity in tobacco leaves.
Materials and Methods
Seedlings of Nicotiana tabacum (cv. Speight G-70) were selected 30 days after sowing the seeds in plastic trays and grown in a greenhouse thereafter, each in a small plastic bag (25 cm 2 ). After 30 days, the seedlings were again selected for uniformity and transplanted to pots (5 dm 2 ) containing sandy loam. Each pot contained a plant and received 30 g compound fertilizer (N-K 2 O-P 2 O 5 , 7-21-21).
Each treatment had 4 plants. Pots were then placed in the field.
Flooding treatment started at 40 days after transplanting when tobacco plants had 15-17 leaves. Tobacco plants were flooded by maintaining water level at 1 cm above the soil surface. Unflooded control plants were allowed to receive the optimum amount of water. At the times indicated, the lowest leaves were collected for chemical analysis and electron microscopy. Each experiment was repeated twice with similar results. Similar and identical trends were obtained each time. The data reported here are all from a single experiment.
Chi was determined according to Wintermans and De Mots (1965) after extraction in 96% (v/v) ethanol. For protein extraction, leaf samples were homogenized in 25 mM sodium phosphate buffer (pH 7.5). The extract was centrifuged at 17,000 xg for 20min, and the superntants were used for determination of protein by the method of Lowry etal. (1951) .
For electron microscopy, small pieces of leaf samples were fixed in 0.1 M phosphate buffer (pH 7.0) containing 5% glutaraldehyde. After the addition of Aerosol (5%) for 2 h at 4°C and four rinses with buffer, the tissues were post-fixed with buffered 2% OsO 4 for 2h. Tissues were dehydrated in an ethanol series and embeded in LR White resin (Ko 1987) . Thin sections were stained with uranyl acetate (2%) and lead citrate (0.5%) (Reynolds 1963 ) and examined using a transmission electron microscope (JEOL 200CX) .
Starch level was determined by the method described 532 W.P. Hurng and C.H. Kao by Wample and Davis (1983) . Briefly, crude boiled homogenates containing starch were digested for 16 h at 37°C with 25 units of Bacillus a-amylase (Sigma) in sodium phosphate buffer (20 mM, pH 6.9). Blanks were comprised of sample aliquots and heat inactivated a-amylase. Maltose produced from starch was determined by the dinitrosalicylic acid method (Luchsinger and Cornesky 1962) . For a-amylase extraction, leaf tissues were homogenized in 0.2 M sodium acetate (pH 5.4) containing 3 mM CaCl 2 -Crude extract was used to determine a-amylase activities based on the method developed by Rinderknecht et al. (1967) using starch azure as substrate. a-Amylase activity was calculated based on the change in OD 595 . One unit of enzyme activity is defined as an increase of 1 OD 595 per min. Figure 1 shows the effects of flooding on protein and Chi levels of tobacco leaves. Flooded leaves had lower protein and Chi levels than control plants. The decrease of protein and Chi levels was evident at 2 days after flooding. Protein and Chi degradation are indicators of leaf senescence (Thimann 1980) and therefore it would seem that flooding significantly promotes the senescence of tobacco leaves. These results are in agreement with earlier reports (Kozlowski 1984) .
Results
Electron micrographs of chloroplasts from control by Wample and Davis (1983) . Briefly, crude boiled homogenates containing starch were digested for 16 h at 37°C with 25 units of Bacillus a-amylase (Sigma) in sodium phosphate buffer (20 mM, pH 6.9). Blanks were comprised of sample aliquots and heat inactivated a-amylase. Maltose produced from starch was determined by the dinitrosalicylic acid method (Luchsinger and Cornesky 1962) .
For a-amylase extraction, leaf tissues were homogenized in 0.2 M sodium acetate (pH 5.4) containing 3 mM CaCl 2 . Crude extract was used to determine a-amylase activities based on the method developed by Rinderknecht et al. (1967) using starch azure as substrate. a-Amylase activity was calculated based on the change in OD 595 . One unit of enzyme activity is defined as an increase of 1 OD 595 per min. Figure 1 shows the effects of flooding on protein and Chi levels of tobacco leaves. Flooded leaves had lower protein and Chi levels than control plants. The decrease of protein and Chi levels was evident at 2 days after flooding. Protein and Chi degradation are indicators of leaf senescence (Thimann 1980 ) and therefore it would seem that flooding significantly promotes the senescence of tobacco leaves. These results are in agreement with earlier reports (Kozlowski 1984) .
Electron micrographs of chloroplasts from control (Fig. 2) show that control leaves at day 4 contained large starch granules, whereas the chloroplasts from leaves of plants that were flooded for 4 days had no visible starch granules. However, dilation of thylakoids in chloroplasts of flooded leaves was clearly observed. No visible differences were observed in starch granules in chloroplasts between control and flooded plants at day 2 (data not shown).
Chemical analysis after extraction of soluble carbohydrates with ethanol showed that starch did not accumulate in flooded leaves, thus supporting the electron micrograph results (Fig. 3) . Leaves of tobacco whose roots were flooded for 4 days had almost 1 /3 starch (measured as maltose equivalents) of control plants at day 4. No significant differences in starch levels in leaves were found between flooded plants and controls at day 2.
In order to understand the possible cause of the decrease of starch levels in leaves of tobacco plants flooded for 4 days, we examined the activities of a-amylase in leaves of control and flooded plants. As indicated in Figure  3 , the activity of a-amylase was significantly enhanced when plants were flooded for 4 days. Flooded leaves have almost six times higher activity of a-amylase than control plants at day 4. Only a slight increase in a-amylase activity was observed at 2 days after flooding treatment.
Discussion
The results of this study show that flooding does not result in an increase of starch level in tobacco leaves. In this respect our results are in contrast to those of other investigators who reported that flooding induced starch accumulation in leaves (Trought and Drew 1980 , Vu and Yelonsky 1991 , Wample and Davis 1983 . The absence of starch accumulation in flooded leaves has also been reported in wheat seedlings (Wiedenroth and Poskuta 1981) .
Previous reports have shown that starch accumulation due to modified source-sink relationships is sometimes associated with chlorosis (Braddey and Janes 1985 , Herold and McNeill 1979 , Schaffer et al. 1986 , Von Schaewen et al. 1990 . Although leaf yellowing is a visual symptom of tobacco leaves induced by flooding (Fig. 1) , we observed no accumulation of starch in yellowing leaves of flooded tobacco. Perhaps the leaf chlorosis observed by other investigators is different in some way from the senescent leaf yellowing we observed in this study.
Flooding is known to reduce leaf photosynthesis (Kozlowski 1984) . Using growth analysis techniques, we were able to show that flooding resulted in decreased leaf area and net assimilation rate in tobacco plants (Hurng and Kao, unpublished data) . It has been suggested that the accumulation of starch in leaves interferes in some way with photosynthesis (Nafziger and Koller 1976) . Since decrease in starch levels in leaves of flooded tobacco plants was observed in this study, it is unlikely that the reduction of leaf photosynthesis by flooding is mediated through the "endproduct inhibition of photosynthesis" hypothesis, as proposed over 100 years ago by Boussingault (1868) .
The flooding-induced dilation of thylakoids is similar to changes that have been reported to occur during plastid senescence (Hurng et al. 1988 , Shaw and Manocha 1965 , Yoshida 1970 . Damage of thylakoid membranes resulting from flooding stress may partially account for the reduction of leaf photosynthesis induced by flooding.
The most important finding of the present investigation is that flooding enhances the activities of a-amylase in tobacco leaves. This is the first evidence that the decrease in starch level in flooded leaves is associated with an increase in a-amylase activity. If a-amylase plays some role in flooded leaves, the increase in enzyme activity perhaps occurs in preparation for mobilizing polymers from severely stressed cells and transporting the products to parts of the plant which are more likely to survive. It has been shown that water stress enhances expression of an a-amylase gene in barley leaves (Jacobsen et al. 1986) . It is of interest to us to determine whether a-amylase genes in tobacco leaves are induced by flooding.
